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sumiiY

Aerodynamictestsof a 12:208-foot-diametertwo-
bladehollowsteelpropellerbefor”eand afteralteration
for thermalde-tcinghavebeenmade in the Langley
16-foothigh-speedtunnelto determinethe effectof
the alterationson propellerefficiency.The propeller,
whichhad ClarkY blade sections,was testedon a 2000-
horsepowerdynamometerat bladeagles rangingfrom about
250 to 600 at the @-inch radiusand at airspeeds
varyingfrom 100 to 4.25miles per hour.

—
The loss of propellerenvelopeefficiencydue to

the tip alterationwithoutinternalair flowamounted

to about1~ percentat the lowervaluesof advance

ratioand decreasedto about~ percentat an adv&ce
L

ratioof 2.8. The over-allloss of propellerefficiency
due to the tip alterationwith internalair flowamoiinted
to about3 percentat the lower,valuesof advanceratio

and decreasedto about~ percentat an advance~atio
of 2.8. An increasein=helicaltip Machnumberfrom
0.75to 0.88had littleor no effecton the loss of
propellerefficiencycausedby the internalair flow-
The coefficientof mass flow of de-icingair increased
with propelleradvanceratioand decrasedwith increase
in rotationals~eedfor the mrticular thefialde-iciw
nropellerused & the
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INTRODUCTION ..—_—-.

The hazardsdue to the formationof ice on propellers
arebecomingincreasinglyseriousfor largemultiengfne
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aimlanes for whichcruisingefficiencyand propeller
unbslmce on longflightsare important-;-The trendof
propellerdesignfor ~irplanesof this tyPcIis more
p.ndmore taw~d propellersof largedi~eter and.low .- ..—
rotationalspeed. De-icinSmethodsused withmoderate
successin thepast on relatively”smallpropellershave
been foundinadequatefor the large-diameterpropellers,
The alcoholslingerring usedfor de-icingin the past
presentsthe difficultyof’obtainingadequateblade
cavera.gefor thelarger~slower-turningpropellers.

,. The use Of anti=icingpast~sand lacquerson ProPeller
bladesis a simple8olutionto theproblem,but the
effectiveservicelifeor such compoundsis knownto
be short. A positivemethodof de-icingthe propeller
at all timesof operationwouldbe more desirable.
Therehas been appreciabledevelopmeht,duringthe past=-
few yeersof electricalde-icingpropellerswhichhave
hub generatorssupplyingcurrentto conductiverubber-
heatingelementscementedto the blades. The energy
per miit we-ightof’the hub generatorused in these
propellersis proportionalto thtirotationalspeedj
so that a heaviergeneratorwouldberequired for
propellersof slowerrotationand largediamtor.
Shouldslipringsbe used to supplyelectricalheating
to the l~rg,erbladesthe energyreql~+redmightbe beyond
the cepacityof thenormalaircraftelectricalsystem,
and an auxiliarygeneratorenginewouldbe necessary.

—
—

A logicalmethodof propellerde-icingseemsto be “
one whichmekasuse of_theheat in the engineexh~ust
gases. Thisbeetmightbe ua~dby passingtheengine
exhaustthroughheatexchengarsfromwhichhot.air could

—

flow to EIhollowhub and thencethrough.opening~in the
bladeshanksto the tips of hollowsteelblades.

—
The

principalalterationof the propell-ernecessaryto permit—- “
thisflow of heatedair is the provj,sionof openings,or
nozzles,at the tipsof the ~ropellerbladesto allow
theheatedair to pass intotho slipstream,The purpose
of the presenttestsis to detormin~the effectsof such
tipmodificationson propellerperformanceand also the
effectsof the internalair flow cm propellerperformance.
No attemptis made to simulatetho completede-icing
system. The testsweremade in the Langley16-foot-
hi.gh-speedtunnel, k

A theoreticalanalysisof the lossesassociated
with a thermalde-icingpropellerof the type tested
was consideredtoo voluminousto be includedherein. The *
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theoreticaltreatmentis presentedin reference1,
whichcorrelatesthe calculatedwith the experimental
resultspresentedherein.

APPARATUS

Propellerdynamometer.-A 2000-horsepowerpropeller
dynamometerwith a ratedspeedof 2100rpm was used
in testingthe propellers.Figures1 and 2 arephoto-– ..
graphsof-thedynamometerwith-thetestpropellerin — ..
its normalunalteredcondition(withouttip openings)
in the testsectionof the wind tunnel. The dynamometer
is poweredby two 1000-horsepowerelectricmotors
arrangedin tandemand coupledfor the presenttests
so thatthe powerof bothmotorscouldbe expendedthrough
a singlepropeller. The motorsare supportedin a
housingin such a way thattheircasingsare free to
rotateand alsofree to move axiallywith theirshafts.
The axialand rotationalmovementis restrainedby
pneumaticpressurecapsules,thrustand torquebeing
proportionalto the pressurerequ’iredto restrainthe ——
motion. A more detaileddescriptionof the dynaiorneter
is givenin reference2. The nose spinnerand two propeller
spinnersdescribedin reference2 werenot used in the
presenttests;the propellerhub was leftexposedto
the air streamabout 1 inchforwardof a nose cowling
rigidlyattachedto the dynamometerfairirsg.The outline
of thisnose cowlingmay be seen in figure3, which is
a sketchshowingprincipaldimensionsof the dynamometer
in the test sectionor the wind tunnel.

Propellerblades.-The propellerused in the tests
consistedof two Curtisshollowsteelbladeswith ClarkY
sections,designnumber71)4-lG2-12,fittedto a four-way .

hub. This combins.tiongave a propeller12.208feet in
diameter. The two unusedhub openingswere filledwith
solidduralblanks. Blade-formcurvesare shownin
figureL with the locationof the tip nozzleindicated
on the developedplan form. Photographsof thesetip

.—

openings$which are in the camberedface of the blades .
near the trailingedge, are shownin figures5, 6, and7.
Figure8 is a sketchshowingthe way in which thehollow
steelbladetipswere cut to form thenozzles,whichwere
enlargedby a smallbulgein the camberedsurfaceof each
blade. Each tip nozzlehad a cross-sectionalareaof’0.65
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squareinch,making..tho totalnozzleareaf-orthe two
blades0.00905squnretoot. The tipnozzlawas a
manufacturersdesignandwas believedto be ON
sufficientsize to permitadequatede-icingair flow
througheachblade;however,the qumati{yof de-icing
air flowreq-~f”redhas not been definitely~stablished.
Recentindicationsare thattho tipnozzle in the blsdes -
testedWS.Slargerthannecass~ry.

MeterinGorifice.-InBsmuches the purposeof the
nrosenttestswes onry to determine”the effectsof tha
tipmodfficat-ionss.r.dof the internalairflow on propeller
aerformanca,no atter,ptw~s mode eitherto heat the
“de-icingairJIor to controlthe rata of flow” ThiS
do-icingairwas admittedthroughe bellmouthedorifice
in the front-oftho proueller hub end thenpassadthrough
a Y-ductinto-thebledeshenks. From the shanksthe
air flowedthroughthe ho].lowbladesfromhub to tin
and thencethroughtinetip o::~eninflsinto theprop,zllcr
slipstream.Figur~9 is a ?llotogrn~hof thepropeller
hub with the bol~outhod ori~iceettnchcd, The orifice
is 1.25inchesin diam~ter,md a static-pressuretube
locatedin the orificehss a d~.ameterof 0.25 inch. The
rasultin~orificenreais 0.00818square foot.mTho
static-pressuretubelocatedin the orificewas necessary
to detorminathe intern~lmass flow.

-.

Pressureseel.-The ~ressureletidfrom-thestatic
tubeextended hroughthe 1W11OWshe.ftof the dynamometer
androtatedwith tha shaft. Tha pressurewas transmitted
from the rotatingshsftby nmans of a smallsteeltube
(0.050-inchdiamotsr)turningin a softrubberseal
slightlylubrico.tedwith glycerin---This seal operated
very satisfactorilyduring‘tQoentireseries,cIftests.
Figure10 is a sketchof a sectionthroughth~b~llmauthed
orificejnronellerhub, hollowsteelblede, .dynemometer
shaft,andpressuroseal showingthe carnplattipath of ‘the
internalflow and themesns of mea.surtn”gthe interr.sl
mass flow. Staticpressurein the or3.ficewes measured
by a mi.cromanometarreferencedto atr.osphericpressure
as indicatadin figure10.

$ .
—

.-

—

.-

-—

&_

r . .

.-

Tho propellerwss testedin threeconditions:first,
as a normalnro~ellerwithoutti~ openin~s;second,RS a 9
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s’ propellerwith tip openingsbut withoutde-icingair flow;
and finally,as a propellerwith de-icingair flow. In
each conditionthe progellerwas operatedat a seriesof
fixedblade anglesrangingfrom approximate~f250 to
600 at theL2-inchradius. Blade=g>es at the three-
quarter(5L-inch)radiusare lessby O.1O, Each test
was made at a constantrotationalspeed,and a rangeof
advanceratiowas coveredfor eachblade angleby
changingthe tunnelairspeedwhichwas variedfrom about
100miles”per hour to .4.25milesper hour.

The propellerused for the testsis a Curtiss
wopeller designedfor applicationto a largebomber. “ “-””-—–““
Thispropellerhas threeblades is 19 feet in diame”ker,
andhas a rotationalspeedof 764 rpm at take-offand
militarypower. At normalpower,the rotationals eed
is 740 rpm. &By operatingthe testpropellerat 1 0 rpm,
ttp speedswere obtainedwhichequaledthose“obtained
with the 19-foot-diarneterpropellerturningat 784 rprn, ..-
At the higherblade anglesthe dynamometerwouldnot
deliversufficienttorqueto coverthe completerange -—
of advanceratio at 1240rpm, and thereforethe test
rotationalspeedwas reducedto a lowervalueto provide
data at the lowervaluesof advanceratio. A rotational
speedof 1000rpm was used for testsat blade snglesof
50° and 550; a rotationalspeedof 800 rprnwas used for
tests’at a blade angleof 600; and testsat the remaining —
blade anglesof 25°,30°,

2
5°, 40°, =d 4-50weremade at

the rotationals eed of 1- 0 rpm.
&

The propellerwas
alsotestedat ’50rpm for bladeangles-of30* and 35°. At
thisrotationalspeedthe propellerti,yMachnumberwas
approximatelythe same as thatfor the largebomber “-
propellerfor the high-speedconditionat 35,000feet
altitude. These testsat 14.50rpm were made“todetermine
the effectof the internalair flow on Vronellerefficienc~-’
underconditionsconduciveto comp~essibilityloss.

The mass flow of d.e-icingairwas measuredduring
all testsof the proppllerwith.do-icingair flow, At .-
eachblade angle,a few measurementsof de-icingair flow”-
weremade at severalrotationalspeedsbut at a constant
valueof advanceratio. For thesetests,valuesof
advanceratiowere chosenso that a blm2esectionat the
tip wouldonerateat approximatelyzero angleof attack .,

● to minimizethe effectof aerodynamicsuctionat the .
tip opening. Also,the mass flow of de-icingair was
measuredover a rangeof tunnelairspeedswith the

..— .-
. .-
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dynamometermotorsnot operatingandwith the propeller
bledesset at 88.7°at the4.2-inc.h.radius.In thiscondi-
tionthe propellerwas free to windmill,but the —
rotationalspeedwas very small“sothat the “edvance
ra.ti.owas nearlyinfinite.

REDUCTION0.!?DATA

Symbols.-The testresultscorrectedfor tunnel-
Wall interferencearepresentedti.”theform of the usual
thrustsnd powercoef’ficientaandpropellerefficiency.
The mass flow of de-icinqair deterininedfrom the test
datais also~rasentedin coeffic~.entform. The s~ymbols
and definitionsused are as follows:

AD area of meteringorifice,squar6feet

AN totalti~-nozzles&ea,squarefeet

v airspeed,free stream,feet-persecond
.. -.

Vd wind-tunneldatumvelocity,feetper“second

v~~ velocityof air les.vingnozzle,feetper second

V.

P

velocityof.air.inmeteringorificewhere area
is Ao, feetper second

mass densityof air,frOe ShXam, slugsper
cubicfoot

PN mass densityof internalflow at thenozzle,
slugsper cubicfoot .-

mass densityof air in meteringorificewhere
V* exists,slugspf3T?cubicfoot

P. staticpressurein m.eterin~o~fice where.V.
exists,poundsper squarefoot

—
1

r

-—

P& atmosphericpr~ssure,poundspwr squarefoot

AP pressure-changein meteringov.ce (Ap= pa - po)$ . *
poundsper squaretoot -- ---” .-

V

●
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n

D

%’

IJJ

x

h

b

P

Cp

T

CT

7 “--–—

mre loss scrossthe internalflow system,
~oundsper squarefoot

.—

.namicpressureat thenozzle,poundsper .—

squarefoot
[)
+ ~vf

——
.“

atmospherictemperature,‘F absolute

accelerationdue to gravity(32.2ft/sec2)
.

..--.
universalges constant(53.34ft-lb/lb‘F forair)

ratioof specificheats (1.)40for air)

Machnumber .

propellerrotationalspeed,rps ..—
propellerdiameter,feet —

propelleradvanceratio (V/nD) ..-
nominalpropelleradvanceratiobasedon

tunneldatumvelocity

Glauertlsvelocitycorrectionfcn.wind.-tunnel . ..
wall interference(V = yVd; J = pJd)

fractionof propellertip radius

blade engle,degrees -J

bladesectionmaximumthickness,feet

bladechord,feet .-

~ower absorbedby the propeller,foot-pounds
~er second

power coefficient~P/pn3D5)

propellerthrust,pounds

thrustcoefficient ~T/pn2D4>
CT

propeller efficiency
0
~J
P

.—

-.
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m mass flowrate of de-icingair,slugsper
second

mc coefficientof mass“flowof de-icingair
(m/pANnll)

Correctionfor Win@-tunnelwall interferenceo-Imen
a propeller operatesin an air stream constrainedby
wind-tunnelwplls,the velocityin.di,cat~by the wind-
tunr.elcalibratedorificesis greaterthanthe velocity
in free air at whichthe propellerwouldproducethe
samethrustand torqueat the samerotationalspeedas
used in the wind tunnel. A correctionmust be applied
to the tunneldatumvelocityto obtainthe corresponding
free-streamsirsneed.“Glauert,in reference3, hes made
an analysisin whichhe showsthis correctionto be a
functionof the r~tioof propellerthrustto dynamic
nressure,or r~t-ioof thrustcoefficientto nominal
advancer~tio. Tho tiqtiivalentfree airspeedhe.sbeen
determinedexperiment~llyand foundto agreowell with
values calculatedfromGleuert~sequation;henceonly
the theoreticalcorrectionhas beenused Tor the data
obtsinedin thesetests. A plot or G1.auer~tsvtilo.city
correctionfor a propeller12.208 fact in diameter
ooarotingin a 16-foot-diameterclosadjet tunnelis
shownin figure11. Alsoin figure11 is a curve
showingvaluesof advancaratiofor the normalpropeller
~t,the oeak efficiencyconditionplottodagdnst the
ratio CT/Jd2* The curvesshow thatfor thtipeak
efficiencyconditiontho correctionf’orwind-tunnelwall
intorfereficesmountedto lessthan
valuesof advanceratioabove0.86
1 percentat all valuds~bove1.6.
for any conditionof operationwss
(lowestvelueof advmca retiofor

2 percentat all
and to lessthan
The m~ximurn“correction
ap,proximatel~b percent
tho lowoitbladeangle).

Definitionof pronellerthrust.-Propellerthrust,
as usedheroin.is dafinodas tho fncreasoin shaft
tensioncmm~d”by the rotationof the propeller and
hub in the air stream.

Definitionanddetermin~tionof th~ coefficientof
mass flowo-In orderto be consistent with other
propell.ercoefficients,the ccofficicmtof mass flow of
de-icingair is definedas f’ollows:



NACATN No. 1111

m=‘c pANnD

by continuitythemass flow m at

m= AOPC)VO

9

(1)

the tip nozzleis

(.2) .-
where %> Pos ‘d Vo are ‘he are~~densit:rs-d
velocityat themeteringorifice. If reversible
adiabaticflow is assumed,the densityat the metering
orificemay be expressedin termsof.rneasuredvalues
of the pressuredifferentialAp and the totalpressure
and temperature. In the wind tunnelthe totalpressure
in the throatis equalto the staticpr,~ssurein the
quiescentchamberor essentiallyequal-toatmospheric
vressure(barometricnressure). Also,the stagnation “-”- ..<
temperaturein the throatis equalto the temperature
in the quiescentchamber. The densityat the :“,etering

.L.

or.i~ice,therefore,may be expressedas follows: ...-

Pa

()

1
Ap ~

1Pm=— ‘—g+tta Pa (3)”

The velocityat themeteringorificemay be expressed
in the same termsas thoseused in equation(3)by use ..
of Bernoulli’sequationfor compressibleadiabaticflow.”
Solvingfor velocitygivesthe equation .-.——.——

Substitutingthe expressionsfor densityand velocity
(equations(3)and (.4)) intoequation(2)gives

m= A
ak-?)+{(+~~mo gRta

(5)
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Simplifyingand expandingthis equqti~ results.in the
followingexpression:

RESULTSAND DISCUSSION

Fairedcurvesare~resentedo.fthrustcoefficient,
Dowercoefficient,wo~eller offjciency, and tho coef’I’icient
of’mass flow of de-icingairplottedageinstadvance
ratio. In the fi~uresgivingthrustcoefficient,power
coefficient,md coefficientof mdss flowof de-icing
air,the testpointsare shown. Datafor thenormal
~ronellerare-shownin f’igupes12 to.lh;datafor the
alteredpropelleroperatingwithoutde-icingairflow
are shownin figures15 to 20; and d8.ta.for the propeller
operatingwith de-icing-airflow ~re presentedin figures
21 to 30. Figur631 is includedto showthe variationof
air-streamMachnumberandheliceltipMachnumberwith
advanceratiof-orthe differentrotationalspeedsused
in the tasts; The envelopeCurvesof propellerefficiency
for the threeconditionsof the propellerare compared
in figure32.

hccuracy.-The resultsobtainedfrom severalrepeat
tastsOr the nropellerin the three.conditionsof
operationagreedwith the presentedresults within1
percent. For purposesaf comparison,therefore,the
data arermasentodss accurateto within1 parcantand
the fairedenvelo~esasaccurateto withinmuch closer
limits. . -:

Effectof ti~ alterstion.-A comparisonof ~lgure12
with figure 15 showsthat cuttingthe bl~detipsto
nrovideonenin~sreducedthe :?ropellerthrust. The
ti~ alterationhsd only s smalleffect:unpowerabsorption,=
as shownby a.comparisonof tha powercoefficientcurves
in figure13 with thosein figurelf: Figure32 .shOws
thet the lossof thrustcauseda lossof propeller

1efficiencyamountingto about1- percentat the lower2 7
valuesof advanceratio.,decreasingto about-Apercent—-
at an advancaratioof 2.8. .2
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Effectof internalair flow.-The flow of de-icing
airhad only a smalleffeet on ~he propellerthrustEnd
powercoefficients.This effectis shownby comparing
the thrust-andpower-coefficientcurvesin figures15
and 16 with thosein figures21 and 22. A comparisonof
the envelopecurvesof Propellerefficiencyin figure
32 showsthat the additionallossof efficiencycausedby

the internalair flow amountedto about~ percentor
lessovermost of therangeof advanceratio. At some of
the lowervaluesof advanceratio,however,this 10SS
was as much as l; percent.

Effectof compressibility.-A differencein the
slopeof both he t’nrust-andpower-.coef.ficientcurvesat””
the differenttestrotationalspeedsmay be seen in
figures12, 13, 15, 16, 21, ~d 23. This differencemay
be due to a changein the characteristicsof the blade
sectionswith chengein Re,~oldsnumberor,more likely,
with changein Machnumber;however,the v?luesof peak
efficiencywere littleaffected.

Althouh the helicaltip Machnumberof the propeller
was fromO.54 to 0.88 in the testsri.adeat 1450rpm, ‘“-”
the loss in propellerefficiencycausedby the tip
alterationwes aboutthe s~mefor t’nesetestsas for
the testsmade at lZ&.Orpm (helicaltip Machnumber
about0.75). Figures18, 19, and 20 show the thrust-
coefficient,power-coefficientsndpropeller-efficie~,cy
curvesfor the testsmade at ~50 rpm withoutde-icing ~
airflow. The data for the conditionwith de-icingair ._
flow at 1450rpm are shownin figure:24, 25, and 26.
The valuesof propellerefficiencyshown-infig”ure26
indicatethat the lossin efficiencycausedby the
internalairflow was littleor no greaterat the high
ti~ speedsthan at the lowertip speeds.

Coefficientof mass flow of de-icingair.- Figures
27 fd show the variation of the coefficientof mass
flow of de-icingairwith advsnceratiofor the diffe=”
rotationalspeedsandblade anglesused in the tests. ‘The
relationbetweencoefficientof mass flow and advance
ratiomay be expressedby the followingequationwhich
is derivedin reference1: . -.—

.

—

-.—

-—

—

..

~
— ---,

[
.—
—

--..— —-—
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()/(P~ 2mx) + J2
mc = T

(equaticm(27) of reference1)
APf
—+1
qN

APf
where — is the internelpressurelossexpressedas a

qN
ratioto the dynamic~r~ssureof thenozzlejot. The
internallossis the combinedresistanceofferedto the
internalflowby the skinfrictionof the interiorsurface
of the blades;by turb:~lenc~introduced.inthe flow by
abruvtturns,sharpcorners”,and poor nozzloshape;by
inefficientdiffusion;snd by changesin flowpatiern
withrotationalsoeedtypicalQf centrifugalblowers.‘
Curvesof the form definedby the foregobg equetionwere
fittedto the testdatapresentedin figurss27 ~d 28,
and valuesof the constantswere establisha.dss follows
(fromfig. 8 of’reference1):

?lotational
speed
(rpm)

~g

1000
800

0

APf

‘N
.—

1.465
1.270
1.092

,998
.930

PIJ
7

.—
0.925

; ;!;

.963

.986

.—

.—

—

u

The fittedcurvesarepresentedas dashedlinesin
f’igures27 and 28. The closeagrgementbetyeenthe
trendsof the dats and the fittedcurvesindicatesthat
the form of’the equetionis satisfactory.

The effectof rotationalspeedon“themass-flow
coefficientis shownin figure29, whichpresents”the
data for the tsstsmade at-severalrotationalspeads
but at constsntvFluesof advanceratio. An increase
in rotationalspeedis accompaniedby a decreasein the
coefficientof mass flow,due perhapsto an increasein
the internalpressureloss. This effectmay po~siblybe
explainedby changesof the‘intsrnalflow ps.tternwith
changesin rotationals~eedmd blade_angle~FigurejO
showsthemass-flowdate obtainedin the testmade.
with the ~ropellerfeatheredand the rotational .

.



speedalmostzero- When the rotational.speedis zero,the
advanceratiobecomesinfinite;and the equationfor the
mass-flowcoefficientfrom reference 1 may be revisedas
follows: .

—— ... ...

—.

..-—

Also,

mc m—=—
J PAyV

The curvein figure50 showsth~t the valueof ‘c~ for

the thermalde-icingvropellertestedwas constant
at 0t705overmost of the speedrenge,and it may be’ “—

APf P~
concludedthat — and T did not changewithinthe

qN
ranqeof thesetests. -—.,—

CONCLUSIONS -—

High-speedwind-tunneltestsof a full-scaletwo-
bladenropellerwith a tipmodificationto permitair
flow throu@ thehollowsteelblsdesfor thermslde-icimg
led to tinefollowin~conclusions:

1. The lossof ~ropellerenvelopeefficiencydue to
the tip alterationwithoutflow amountedto about

l+ percentat the lowerveluesof advanceratio andr
decreasedto about~ percentat an advanceratioof 2.8. -——-——
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2. The over-allloss of propellerenvelopeefficiency
due to the tip alteratiomwithde-icingair flowamounted
to about3 percentat the lowervaluesof advanceratio7
and decreasedto aboutA2P ercentat an advanceratioof
2.8.

3, An increasein helicaltip Machnumber
to 0.88had llttleor no effecton the lossof
efficiencycausedby the internalair flow.

from 0.75
nropeller

~~.The coefficientof mass flow of’de-icingaim
increasedwith increasein propelleradvanceratioand ._
decreasedwith increasein rotationalsneedfor the
particularthermalde-icingpropell~rused in the tests.

LangleyUemorialAeronauticalLaboratory
NationalAdvisoryCommitteefor Aeronautics

L’angleyField,Vs.,Nay 7, 1946
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Figurel,-Propellerdynamometer
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Figure z.- Propeller dynamometer mounted in test section. Normal propeller,
tunnel open.
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Fig.4 , NACA TN No. 1111 .-
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